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SUMMARY
This report provides an assessment of the potential for aging and degradation of the resinbonded cork and the Thermal-Insulating, Shock-Absorbing Foam (TISAF) materials that are components of the SAFKEG 3940A package 1) . This package may be used for interim storage of plutonium materials in the Savannah River Site K-Area Materials Storage (KAMS). These materials are important to the performance of the SAFKEG package in KAMS in several areas as follows:
• The mechanical properties of the cork and foam are inputs to the structural analyses of the SAFKEG 3940A package that include the KAMS design basis events. Mechanical testing (compression and tensile) of the cork and foam was performed to develop a set of baseline (non-aged condition) properties, supplementing the properties reported in the Safety Analysis Report for the 3940A SAFKEG Package. These properties were developed for input to structural analyses of the SAFKEG 3940A package under KAMS accident events. The testing details and results are contained in this report.
• The composition and compatibility of the cork and foam materials with the other components of the package under aging conditions are needed to establish and maintain containment and handleability of the package. Various tests were performed to provide materials data to evaluate the potential for corrosion of the stainless steel outer containment vessel and the keg due to contact with cork and foam materials. Samples of cork and foam were examined to determine their potential to absorb and contain water. Both the cork and foam readily absorb water due to their open cell structures that could lead to conditions aggressive to the stainless steel materials. In the case of the TISAF, the pH of the water was lowered from approximately 7 to approximately 2. High levels of chloride (approximately 5000 ppm) in the cork were measured by neutron activation. This level of chloride would cause pitting attack of stainless steel if chloride was leached from the cork and sufficient water was present. This condition is not expected in KAMS.
• The physical properties of the cork and foam are inputs to the thermal analysis. The physical behavior under aging conditions is important to the potential off-gassing and dimensional changes. The properties reported in the Safety Analysis Report for the 3940A SAFKEG Package were used in the thermal analyses of the SAFKEG in KAMS. Thermo-gravimetric analysis (TGA) was used to examine the possibilities of chemical and density changes as a result of aging. Both materials (as-received condition) appeared to release water at the temperatures expected during storage conditions but were otherwise stable.
The conclusions support the use of the SAFKEG 3940A package for interim use for containment in KAMS for a period of 10+ years. The conclusions are predicated on the surveillance of the materials to verify that degradation significant to the performance of the 3940A package to provide containment is not occurring.
BACKGROUND AND MATERIALS DESCRIPTION
Plutonium-bearing materials (metal and oxides) currently stored at the Rocky Flats Environmental Technology Site (RFETS) and at the Hanford Site (Richland -RL) are to be placed in 3013 storage containers 2) . The 3013 containers from RFETS are being loaded in 9975 shipping packages, and are planned to be shipped to SRS shortly. The 3013 containers from RL may be shipped to SRS in SAFKEG 3940A shipping packages 1) ( Figure 1 ). The interim storage facility for the packages at the Savannah River Site, K-Area Materials Storage WSRC-TR-2003-00197 (KAMS), is being readied to safely receive and store these packages for interim storage prior to future disposition. The SAFKEG 3940A shipping package design consists of a double skinned stainless steel keg body (outer keg is 304 stainless steel (SS) with a 304L liner) with a bolted closure lid and O-ring seal ( Figure 1 ). The cavity between the keg and the liner is filled with a layer of phenolic foam, also known as TISAF (Thermal-Insulating, Shock-Absorbing Foam). This cavity is normally sealed but will vent through a bottom vent plug during a fire accident condition. Within the liner is a resin-bonded cork layer; two removable 304L stainless steel containment vessels, each sealed with a bolted lid and double O-rings as shown in Figure 1 . The 3013 storage container is placed inside the inner containment vessel (ICV) that is inserted into the outer containment vessel (OCV).
The TISAF foam is used as an insulator and held in a sealed annular space between two layers of stainless steel in the SAFKEG 3940A. The TISAF material is manufactured by a proprietary process and formulation and is based on a phenolic resin (chemical formula C 7.4 H 7.8 O) filled with an unknown amount of calcium sulfate semi-hydrate (plaster of paris) which subsequently hydrates to form calcium sulfate dihydrate, or gypsum (CaSO 4 ·2H 2 O). The foam composition includes the following; 39.4% carbon, 31.9% oxygen, 13.8% calcium, 11% sulfur, and 3.8% hydrogen. There are also small amounts of phosphorus and no chlorides are in the foam. The foam is produced by reacting the phenolic resin and filler with paratoluene sulphonic acid (3%) and ortho-phosphoric acid (0.6%). All percentages are based on weight.
3) The acid is stated to completely react in the foaming process. During the foaming process, the foam adheres to the stainless steel. 4) In the 1970's and 1980's the roofing and chemical industries suffered bad publicity and replacement costs due to extensive corrosion of roof decking and piping from moisture absorption by foam insulation with subsequent acid and chloride release causing corrosion on steel.
5)-6) Specific corrosion problems with steel were noted with phenolic foam insulation. 7) Due to the historical problem with thermal insulation, tests were conducted on TISAF to determine moisture effects and chloride content. A reduced size TISAF sample was immersed in water for 96 hours per ASTM D-2842. 8) The single test result revealed 46% water absorption.
The TISAF exhibited a constant release of bubbles. Because of the gypsum content and the cell nature of this foam, the high water absorption in the structure is thought to be the result of interconnecting paths between individual cells which allows air to be released as exhibited by the bubbles.
Samples of the TISAF from a SAFKEG package are shown in the photographs in Figures 2-8. Open cells (or porosity) are visible on both sides of the TISAF. TISAF has a wide distribution of cell sizes, on the inside surface and the outside, as seen in Figures 4-8 . A distribution in cell sizes was also observed from top to bottom and from surface to center thickness. This could indicate anisotropy and properties may be different depending on parallel to or transverse to the pouring direction. The SAFKEG manufacturer states that the TISAF adheres to the stainless steel surfaces after curing.
Initial testing of the TISAF revealed a significant pH reduction (from 7.0 to 2.2 after approximately 6 hours, and leveled out at 2.31 after 96 hours of water immersion 9) . As long as the seal is maintained, only minimal entrained moisture would be expected in the TISAF and this would not be sufficient to cause a low pH leachate in the compartment containing the TISAF. Neutron activation analysis was used to measure the chloride level in the foam. The Cork is a natural wood product produced in granular form. The cork in the SAFKEG 3940A is mixed with a synthetic resin binder. The mixture of the two is then compressed with heat to form the required shape. The synthetic resin is a polyurethane resin. A sealer is also used and it is a two-part compound based on urea formaldehyde with an alkyd plasticizer made by Rustins Ltd. 1) coating. The outside surface of the cork is then sealed with an organic polymer.
The resin and organic polymer should seal the cork. In addition, the cork is preserved in the SAFKEG with an O-ring on the keg to provide for weather protection. Hence, it is unlikely that moisture (other than any on the interior during loading) will ever be a corrosion problem between the cork and the stainless steel liner and outer containment vessel. However, the statement in the SAFKEG 2863 SARP states that the O-ring seal is only designed for weather protection and is not designed to be airtight. 10) Since high humidity air infiltration in the SAFKEG 3940A lid is possible, and water immersion tests were not conducted prior to the present study, a preliminary immersion tests was conducted on the cork. Using the same tests methods mentioned above for TISAF, the cork water immersion results revealed that 51% water was absorbed with a 19% increase in volume and the pH level ended up as 6.3. Both tests were carried out for 96 hours. Water absorption in a cork that has a resin binder should not occur if sufficient resin was used to coat individual granules. This shows that if moisture were to penetrate into the cork from condensation (or high humidity levels), swelling would occur and could hold moisture against the stainless steel. Chloride levels in the cork were determined to be 4890 +/-65 ppm. This level of chloride would cause pitting of the stainless steel if the chloride was leached from the cork and sufficient water was present. This is a potential problem and is an important item to monitor as part of surveillance in storage.
One potential problem in the long-term storage of the SAFKEG 3940A is the unknown behavior of the TISAF and the cork at the temperature conditions in the package and how aging affects their insulation and impact absorbing properties. In general, there is little documented information describing time-and temperature-induced changes in mechanical and physical properties for any foam or cork materials. One report will be described below.
Aging properties of the TISF and cork are not provided in the SARP.
1) Corrosion Assessment and aging of stainless steel components used in the 3013 storage container are currently under evaluation.
11)
Normal properties of materials that are affected by aging include physical properties such as tensile strength, compressive strength, impact strength, modulus, dimensions and weight changes. The TISAF is entirely contained within the annular space between two stainless steel walls and access to air is expected to be minimal. The only available air is that contained within the closed cell walls of the foam during the insertion process. Moisture should not be a problem as long as the TISAF annular space is sealed. The seal is maintained by the bottom seal plug in the SAFKEG 3940A design, Figure 1. 
MECHANICAL PROPERTIES
Mechanical testing was performed to establish a set of baseline materials properties for the determination of the impact of aging and to serve as inputs for stress analyses of hypothetical accident scenarios. The tests complemented the data already available in the SARP and provided a starting point by which the effects of aging can be determined. In the SARP the effect of temperature on the relationship between stress and strain is well represented. Figures  9 and 10 show how the stress vs. strain curve changes with temperature for resin bonded cork
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and TISAF, respectively. However, the effects of strain rate and loading conditions are available. To supplement the data available, tension, compression and multi-axial compression tests were performed on both cork and TISAF at different strain rates. The tensile tests were performed in accordance with ASTM D1623. The compression testing was performed in accordance to ASTM D1621. The testing assisted in performing an adequate simulation of the mechanical response of SAFKEG materials during accident scenarios. These mechanical properties are reported in Figures 11 -18 .
The stress vs. strain curves measured for resin bonded cork in tension, compression and hydrostatic compression are shown in Figures 11 -13 , respectively. The most notable observation of the cork is that it exhibits viscoelastic behavior. Specifically, the deformation of the material has an elastic component and viscous component. When the stress is removed the material will recover to the original shape over a time interval. The SARP stated that this recovery was 98%. Load relation tests were conducted in compression and showed that and average 36% of the stress was relieved during a 30-sec hold before unloading. In addition, the cork also shows a positive strain rate sensitivity at room temperature. This behavior was also observed in the hydrostatic compression tests, shown in Figure 13 . Overall, the stress-strain properties measured in this study did not significantly differ from properties listed in the SARP.
The stress vs. strain curves measured for TISAF in tension and compression are shown in Figures 14 and 15 , respectively. The foam is a mixture of gypsum and phenolic resin, which exhibits a very large, and widely varying, cell size. From Figure 14 , the brittle nature of this material can be observed. The material exhibited very limited strain rate sensitivity. The tensile specimens failed without any appreciable nonlinear elasticity. In compression, material behaves in a similar fashion. The initial potion of the curve is linear until failure. Subsequent deformation occurs by successive loading and crushing events until complete "powdering" of the material. In Figure 16 , a picture of a compression specimen after a compression test illustrates its brittle behavior. The behavior is significantly different to the properties exhibited in the SARP ( Figure  10 ).
In order to determine the effect of stress state on deformation stress, the sample was compressed in a tri-axial compression fixture which was able to preload samples to constant loads in 2 orthogonal directions (σ1 and σ2) and measure breaking strength in the third (σ3). Plotting σ1 and σ3 together enables the determination of the yield surface using Mohr's circle. In Figure 17 the three curves that bound all other tensile or compression data are shown. When these curves are plotted using Mohr's circle a tangent line can be used to estimate the breaking strength at different loading conditions. In Figure 18 , the σ1 and σ3 values of stress are plotted as intersection points to the X-axis. A circle is used to plot the relationship between X and Y. In this figure, a least squares fit of the tangent points was produced and the equation for the line is shown. Since the material is so brittle and the stress-state is compressive, the tensile curve was neglected and a yield surface was estimated with the two compression tests. This data was used as input to the stuructrual impact analysis of the SAFKEG in KAMS under accident conditions.
THERMAL PROPERTIES
Thermo-gravimetric analysis was used to measure indicate whether aging at elevated temperatures would lead to a change in properties during interim storage. The SARP states that the cork and TISAF are unaffected during aging at temperature up to 180 C and 140 C, respectively. A weight loss of approximately 7% was noted for both materials (attributed to drying of entrained water). TISAF, respectively. Initially, a small amount of weight loss (presumably from absorbed water) appears to occur during hold and heating up to 140 C. Samples of cork and foam have been observed to lose up to 6.5 and 3.5 wt. %, respectively, upon heating to 248°F (120°C). So the weight loss, previously reported in the SARP, is representative of the samples tested in the present study. After this initial adjustment, the weight stabilizes until 572°F (300°C) for cork and 752°F (400°C) for TISAF. Above these respective temperatures, the majority of the sample is consumed. In the case of the cork, 100% of the sample (80% flowing argon in air) is consumed before 932°F (500°C) is reached. In the case of TISAF, 55% of the weight is consumed before 1022°F (550°C). Beyond this temperature, the sample weight remains relatively constant up to 1472°F (800°C).
DISCUSSION
Ambient temperature mechanical properties of the TISAF and cork have been established. Tensile and compression data are shown in Table 1 . The calculated temperatures (Table 2) during storage for these materials reach a maximum of 232°F (111°C) for the cork and 146°F (63°C) for TISAF. 12) These temperatures are high enough to cause depletion in water or loss of volatile organic compounds. This could have an impact of mechanical and physical properties. The long term effects of temperature will be established during the surveillance program in KAMS, which should include sampling of the TISAF and cork and performing tests to determine physical and mechanical properties and examination for moisture effects. The development of specific surveillance activities for these materials is beyond the scope of this report.
A study has already been initiated by Sandia to determine thermal aging effects on mechanical properties of polyurethane foam used in multiple weapons systems. 13) In this case, the foams are used for volume fillers, electrical isolation and shock and vibration absorbers. The specified foam for the Sandia testing is BKC44402 (available from Honeywell Federal Manufacturing and Technologies). The density of this foam is 0.1 g/cm 3 , which is slightly less than the TISAF (0.4 g/cm 3 ). The Honeywell foam does not contain a filler material while the TISAF uses gypsum. The aging time intervals for this study are 1 week, 3 months, 7 months, 1 year and every year thereafter until the final 4 year period is reached. Aging data after 1 year at ambient temperature, 60°C and 80°C are summarized as follows:
• Impact tests for specimens aged at 60°C and 80°C revealed a drop in energy absorption after 7 months of aging.
• Specimens aged at ambient temperature showed signs of decreased energy absorption after 1 year.
• Spallation was observed while foam is compressed during the impact test • Conventional tensile and compression behavior was unaffected through 1 year of aging at temperatures up to 80°C.
• Initial mass increase after exposure to room temperature, most likely due to moisture absorption.
• Mass losses (less than 1.7%) after exposure to 60°C and 80°C for 1 year, suggested to be result of moisture and surfactant losses.
Another study on natural cork showed that the viscoelastic behavior of cork changed above 140°F (60°C). 14) Specifically, increases in the storage modulus and decreases in the relaxation processes were observed during heating or aging at or above this temperature. This diminishes the damping capabilities of cork.
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It is not known whether TISAF will perform in a similar fashion to the polyurethane foam from the SANDIA study. Diminished damping capacity of cork would adversely impact its performance in structural analyses.
CONCLUSION AND RECOMMENDATIONS
The results of the evaluation of the aging assessment of the resin-bonded cork and the TISAF materials of the SAFKEG 3940A package support its use for interim storage in KAMS for a period of 10+ years, while maintaining full containment and handleability of the package,. The results were based on limited baseline and aging data. This conclusion is predicated on the surveillance of the materials to verify that degradation, significant to the performance of the 3940A package to provide containment and handleability, is not occurring.
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